Images and force measurements taken by an atomic-force microscope ( AFM) depend greatly on the properties of the spring and tip used to probe the sample's surface. In this article, we describe a simple, nondestructive procedure for measuring the force constant, resonant frequency, and quality factor of an AFM cantilever spring and the effective radius of curvature of an AFM tip. Our procedure uses the AFM itself and does not require additional equipment,
INTRODUCTION
check, for example, whether a tip has been blunted after crashing into a sample surface. Since its invention in 1986, the atomic-force microscope' (AFM) has become an increasingly imporIn this article, we describe a nondestructive procedure for calibrating individual cantilevers and tips for use in tant tool for studying surfaces at the atomic level. Beyond atomic-force microscopy. In Sec. II, we review the two the often spectacular and occasionally informative images common AF?vi imaging modes. In Sec. III, we show that obtained of surfaces, the AFM has the potential to give measurements of thermal fluctuations of the cantilever can quantitative information about focal forces and interactions. 26 The accuracy of such measurements deyield its spring constant, resonant frequency, and the quality factor of the resonance. In Sec. IV, we show that meapends upon a knowledge of the physical properties of the surements of van der Waals forces on the tip allow an spring and tip that probe these forces. In particular, one effective tip radius to be inferred. In Sec. V, we present needs estimates of the size of the tip and the force constant representative data from the calibration of a silicon-nitride of the cantilever spring to which the tip is attached.
cantilever with an integral pyramidal tip. Despite this need for calibration of individual tips and cantilevers, measurements of these properties have either been based on theoretical estimates or have been made only on supposedly representative samples. Typically, the radius of an AFM tip is taken from manufacturer's specifications or, rarely, measured by electron microscopy.7-9 In the former case one uses a nominal figure that represents an average for a batch of microfabricated tips, while, in the latter, measurements are difficult and are likely to destroy the tip." In either case, only the average macroscopic radius of curvature will be measured. However, the tipsample interaction is dominated by the small portion of the tip closest to the sample. Since the tip is not likely to end in a perfect sphere, particularly in the case of pyramidal tips, such an average value will not serve as a very useful calibration.
II. THE ATOMIC-FORCE MICROSCOPE
The AFM probes the surface of a sample by moving the sample beneath a tip attached to a weak cantilever spring while the tip is in contact, or near contact, with the surface. The sample is typically moved by piezoelectric scanners capable of accurate movement on subangstrom scales. The tip deflection can be measured with a resolution as small as 0.05 A.
Similarly, the force constants of cantilevers are rarely measured; loa rather, they are inferred from theoretical estimates based on the geometry and elastic properties of the cantilevers." Often, the calculations themselves are suspect, since they are generally based on a simple, rectangular-beam geometry while the actual springs are 7" shaped. In addition, the cantilevers are often made of several materials (e.g., gold on silicon nitride), making a proper estimate of their elastic properties difficult. More important, this approach neglects the possibility of variation in the force constants of individual springs due to structural defects and variations in the lever geometry and composition. For example, since the spring constant depends on the lever thickness t as 3, even small variations in the thickness will result in large variations among the force constants of nominally identical springs. Also, tip and spring properties may change over time. One might wish to The AFM is operated in either of two modes. In the contact mode, the tip adheres to the sample surface with a finite force as it is dragged across the surface. The finite adhesion forces deform the tip and sample so that contact occurs over a finite area.12y13 This area is greatly influenced by the tip sharpness and is increased by any additional spring force.
In the attractiue mode, long-ranged van der Waals (vdW) forces deflect the tip, which is suspended 40-50 A above the surface. The strength of the vdW interaction depends on the tip sharpness and the amount of spring deflection is fixed by the spring constant. For both imaging modes, the tip sharpness and cantilever spring constant must be known in order to interpret images quantitatively, In addition, the AFM has been used for force-versusdistance measurements, where these parameters are again required.
Estimates of both of these important probe parameters can be made by measuring the motion of a tip above a sample. We will model the experimental configuration as a spherical tip of radius R and mass m suspended a distance D above a flat sample by a spring force constant k, as shown in Fig. 1 . If the tip is far from the sample, its motion is due only to thermal fluctuations. Measurements of this motion at frequencies near the resonant frequency of the spring allow one to estimate the spring constant. When the tip is closer to the sample, long-range forces will deflect it by some amount 6. If the nature and magnitude of these forces are known, the size of the tip may be deduced.
III. THERMAL FLUCTUATIONS
A harmonic oscillator in equilibrium with its surroundings will fluctuate in response to thermal noise. The Hamiltonian of such a system is (1) where q is the displacement of the oscillator, p is its momentum, m is the oscillating mass, and we is the resonant angular frequency of the system. By the equipartition theorem, the average value of each quadratic term in the Hamiltonian is given by kBT/2, where kB is Boltzmann's constant and T is the temperature. In particular, (;mo$f) =;k,T.
As oi= k/m, the force constant may be obtained from a measurement of the mean-square spring displacement as k=k,T/@).
For a spring constant of 0.05 N/m, typical of relatively weak AFM cantilevers, thermal fluctuations will be of the order of 3 A at room temperature. For such small deflections, we can approximate an AFM cantilever as a simple harmonic oscillator with one degree of freedom. (Other elastic modes of the cantilever have a much higher force constant and thus do not contribute much to the value of (g).) This would imply that if we measure the rms fluctuations of a freely moving cantilever with a sampling frequency much higher than its resonant frequency (to avoid averaging out the fluctuations), we can estimate the spring constant. However, other noise sources are present.
In order to isolate the contribution due to thermal oscillations, we examine the data in the frequency domain. In the absence of additional noise sources and in the limit of small damping, the power spectral density of the fluctuations in the spring displacement has a Lorentzian line shape.14 Other noise sources add a background to this thermal response. As none of the other noise sources is likely to have a resonance at the resonant frequency of the cantilever, it is a simple matter to subtract this background. The area below the remaining peak is then a measure of the power of the cantilever fluctuations. Since the integral of the power spectrum equals the mean square of the fluctuations in the time-series data,*' the estimate of the spring constant becomes k= kBT/P,
where P is the area of the power spectrum of the thermal fluctuations alone.
IV. TIP DEFLECTION
As the AFM tip is moved closer to the sample, the cantilever will deflect because of long-ranged tip-sample interactions. In the case of an AFM operated in air or vacuum with an electrically neutral sample, the only longranged force will be the van der Waals (vdW) attraction. The van der Waals potential between two molecules has the familiar -C/r6 form. In order to calculate the vdW force between two macroscopic bodies, one may use a continuum approach and integrate the l/r6 interaction over the two volumes.16 For our case of a sphere interacting with a flat surface, the potential has the approximate form
where Asr%'plpz is the so-called Hamaker constant, and p1 and p2 are the densities of the two solids.
The potential energy for the AFM model described in Fig. 1 may be written as E( S,Z) = -6(;R+s) +; ka2, where Z, the distance between the surface and an imaginary undeflected tip, is determined by the piezo extension and acts as a control parameter. This energy function has a singularity at 6= -Z when the tip-sample distance is zero. Of course, contact forces always limit the approach distance to a few angstroms. The vdW force will deflect the spring to minimize the potential energy. Local minima of the energy function may be found by setting its derivative equal to zero:
Thus, the critical values of E are the solutions of a cubic equation, allowing the tip deflection to be calculated analytically. Note that Eqs. (6) and (7) may be scaled so that they depend on only one parameter, 1~ @%, which characterizes the length scale at which the vdW interaction is comparable to the spring potential. -120  f  I  I  I  I  I  0   100 200 300 400 500 600
Piezo extension, Z (W> FiG. 2 . Typical force spectrum showing the deflection of a cantilever as a function of sample displacement. The axes have been scaled so that the y axis records the deflection of the tip, while the x axis indicates the position of the sample relative to the point where the sample and tip would be in contact for an undefected tip. During a force spectrum, the tip-sampie separation is decreased from a relatively large value of Z (at a rate of 120 A/s in this case). The solid curve is a fit of the theoretical tip-deflection to the data. Note that this curve extends to the left of the snapping point, indicating that fluctuations have caused the tip to snap in to contact with the sample at a distance greater than that predicted by our model.
For large tip-sample distances, the cantilever feels no forces and S=O. As Z is decreased, moving the tip and sample together, an attractive vdW interaction (A>O) causes the tip to be deflected toward the sample. Solving Eq. (7) for S, we find that when Z is decreased to Z, =32"1/2, the magnitude of the gradient of the vdW force becomes larger than that of the spring force, so that the solution corresponding to the slightly deflected tip becomes unstable.17 At this point, cantilever deflection will have brought the tip to a distance of D* = 2ZJ3 = N $ from the sample. The tip must then "snap" into contact with the surface. For typical values of the Hamaker constant, tip radius, and spring constant (A-lo-l9 J, R -500 A, and k-O.05 N/m, respectively), the tip will jump into contact with the surface when it is about 46 w away. This separation is still large enough that atomic-scale roughness will have a negligible effect on determining the tip deflection and snapping point. Note, too, that the tip-sample distance at the snapping point is considerably less than the tip radius, so that the assumption in Eq. (5) that D(R in the region of interest is justified.
Values of the parameter f can be estimated by performing a "force spectrum" with the AFM. In a force spectrum, the sample is moved vertically and the resulting cantilever deflection is measured to generate a plot of 6 vs Z. An example of such a curve is shown in Fig. 2 . At long ranges, the tip is unaffected by the sample and moves with the thermal fluctuations of the cantilever. As the tip-sample distance is decreased, the vdW attraction causes the cantilever to deflect toward the surface until the tip snaps into contact. After this, the tip and sample move together: every angstrom the piezo is extended compresses the spring by one angstrom, as well. Eventually, the sample drives the cantilever back to its undeflected position, setting the zero point for the Z axis.
Experimental values of 2 can be obtained from a force Frequency (kRz) FIG. 3 . Power spectral density plot of fluctuations in the output of the cantilever deflection detector. The plot is the average of six spectra of 5ooO points each, binned into a 500 point curve. The resonant peak is fit to a Lorentzian.
spectrum by measuring the value of Z,. In practice, thermal fluctuations and mechanical vibration allow the tip to overcome the energy barrier to snapping before the critical value of Z is reached. Given an approach speed and assuming that only thermal fluctuations are relevant, one can estimate the distance at which the instability actually occurs. The calculation is formally equivalent to the one done by Garners for the tunneling rate of a particle over a potential barrier (in the small-viscosity limit) .I8 The result is that the correction is large if one measures the discontinuity using the tip deflection (i.e., measures along the y axis of Fig. 2 ) and small if one measures the piezo displacement (i.e., measures along the x axis of Fig. 2 ). This is consistent with the plot of the full theoretical curve in Fig, 2 . To avoid the uncertainties due to variation in the snapping distance from run to run, we decided to fit to the tip deflection &fire the instability. This yielded consistent results. The value of I allows us to calculate an experimental value of R, provided that we have measured the force constant and have an estimate of the Hamaker constant. i9 Details of the calculations of Hamaker constants have been included in Appendix A.
V. A SAMPLE CALIBRATION
The method of tip calibration detailed above has been applied to microfabricated Si,N, cantilevers with integral pyramidal tips.20 Typical results are discussed below. Figure 3 shows the power spectrum of the fluctuations in the displacement of a typical spring. In our case, the analog-to-digital converter of the AFM electronics was unable to measure useful time-series data owing to a combination of a low signal-strength and low resolution. Instead, we used a lock-in amplifier21 to measure the deflectiondetector signal-power as a function of frequency.22 The y axis of this figure has units of A', which is appropriate for a power spectral density of displacement fluctuations-To calibrate the detector signal in terms of tip displacement, we needed first to measure the displacement of the piezoelectric tube scanner as a function of applied voltage. Since several schemes for calibrating the piezo have already been published,23 we leave the details of our method to Appendix B. Essentially, a linear variable differential transformer (LVDT) displacement sensor was used to measure the piezo scanner response. The detector could be calibrated once the piezo response was known by using the measurement of cantilever deflection in those portions of the force spectra where the tip and sample were in contact. Note that the deflection detector is calibrated in terms of vertical piezo displacement while the cantilever is tilted about 15" from the vertical. The scale of Fig. 3 has been corrected so that fluctuations are measured in a direction normal to the cantilever plane.
In addition to the thermal fluctuations of the cantilever, background instrumental noise must be subtracted from the spectrum. Over the frequency range shown in Fig.  3 , the noise spectrum is flat. At low frequencies, l/f noise becomes important so that a direct measurement of x(t) that does not filter low frequencies would underestimate the true spring constant. The resonant peak is fit to a Lorentzian. Integrating this curve (with the background subtracted), we find the force constant of the cantilever to be k = 0.0 167 f 0.0008 N/m, where most of the uncertainty is in the calibration of the deflection detector. This result does not agree with the nominal value of 0.064 N/m claimed by the manufacturer. The resonant frequency for the cantilever, measured to be 19.6 kHz, is also quite far from its nominal value of 17 kHz. The quality factor of the cantilever resonance is calculated from the fit parameters to be Q=30.
A typical force spectrum for a mica sample is shown in Fig. 2 . Both the piezo displacement (x axis) and detector output (v axis) have been calibrated24 (see Appendix B). The deflection of the cantilever and eventual snap to contact are evident in this plot, The experimental data is fit to a theoretical model of the tip deflection in the region before the snap. Note that the model curve given by the best fit extends below the experimental value of Z,, indicating that the snap has occurred at a distance greater than that predicted by the model. For our tip, averaging values obtained from more than twenty force spectra resulted in an estimate of the effective tip radius of R = 15OOk 160 A (using the value of A calculated in Appendix A). Most of the uncertainty in this figure is in the Hamaker constant and spring constant-the statistical uncertainty in the range of values obtained from the individual fits was only 2%.25 The nominal macroscopic radius of curvature for the batch of tips used was 400 A.26 A possible explanation for this large effective radius is that a microfabricated pyramidal tip may terminate in a line rather than an point if the base of the tip is not perfectly square. The effective radius would then depend on both the rounding of the tip along this line and the length of the line. It is also possible that some irreversible deformation of the tip occurred while it was in contact with the sample. We emphasize that, far from being a detail, such information about the tip is crucial in interpreting images and force measurements.
VI. DISCUSSION
We have described a simple calibration procedure for AFM tips whose essential steps can be implemented using the hardware available with any AFM. This calibration is particularly useful when the tip is to be used for force measurements. However, it may also aid in tip selection when maximum resolution (minimum R) or a particular cantilever stiffness is required.
Our own work that motivated this study has focused on the measurement of Hamaker constants for the silicon nitride-mica system immersed in various liquids. We have shown that even when van der Waals forces are very weak, the snapping distance of the tip-deflection curve can yield quantitative estimates of the Hamaker constant--once the tip radius and spring constant have been calibrated.6 ACKNOWLEDGMENTS This study was supported by NSERC operating and equipment grants. J.B. is an Alfred P. Sloan Fellow.
APPENDIX A: THE HAMAKER CONSTANT
The expression for the Hamaker constant in terms of the vdW force constant C given in Sec. IV ignores manybody effects and retardation effects for large distances. Many-body effects do not alter the form of the interaction potential; they only change the value of the Hamaker constant. In the nonretarded limit, the Hamaker constant between two media can be calculated using the Lifshitz theory.27 According to this approach, the Hamaker constant depends on the dielectric responses, E(O), of the two media involved and is given by28 AI*= ('h;$ztT, 3k;T n$o s;l where (Ala) (Alb) and where the prime on the first summation indicates that the n=O term is given half weight. The numerical subscripts on A and A refer to the tip ( 1) and sample (2). The formulas are slightly more complicated when the intervening medium is a liquid, rather than air or vacuum.) The Hamaker constant, then, depends on the dielectric properties of the media via the dielectric functions evaluated at complex frequencies. These e( i{) functions are, however, real functions and can be evaluated through the KramersKronig relation29
In this expression, E" (0) is the imaginary part of the dielectric response and is proportional to the absorption at frequency w. As can be seen, the e(ic) function is real and decreases monotonically in l (from e. at g=O to a value of 1 as g-+ CO f. Furthermore, it is constant in frequency ranges where the absorption E" is zero. Armed with a knowledge of the absorption spectra of the media, we can calculate the vdW interactions between the tip and the sample. However, we must remember that our numerical estimates will only be as good as the dielectric data used to compute the I function. To calculate Hamaker constants, we need an explicit representation of the functions t-(ig) for each of the materials involved. In principle, this would require measuring the absorption spectrum for all frequencies, which is impractical. However, Ninham and Parsegian3' have shown that E(Y) for insulators can be adequately approximated by functions of the form (A31 They assume that there are X absorptions with strengths Ci in narrow frequency bands located at frequencies Wi. For most purposes, it is sufficient to consider only a single infrared (IR) and a single ultraviolet (UV) absorption, which account for vibrational and electron ionization absorption, respectively.' The IR and UV absorptions can be inferred from the static dielectric constant e. and n(w) data for each medium.28
Any flat, electrically neutral sample is suitable for tip calibrations if dielectric data for the material are available. Experimentally, graphite provides good results, but theoretical estimates of E(z$) are less accurate for conductors than they are for insulators. We chose instead to use a cleaved muscovite mica surface, though care must be taken in the preparation of the sample. Since the mica surface usually becomes charged when cleaved, best results are obtained when the ambient humidity is high enough to discharge the surface. On the other hand, if the humidity is too high, water condenses between tip and sample, and surface-tension forces dominate. In practice, good results were obtained when the ambient humidity was between 40% and 70%. Samples cleaved in air that was too dry could be discharged by setting a beaker full of water next to the mica& Since both electrostatic and capillary forces have a range of order 1 pm or more, it was easy to check whether eitber was present: in good samples, there was no measurable tip deflection until the tip was less than 200 A from the surface. Note, finally, 'that the monolayer of water that collects on the mica surface will not measurably affect the value of A.
Using the dielectric data listed in the Hamaker constant for a Si3N,-air-mica system to be (l.lfO.l)~lO-I9 J.
APPENDIX Ek CALIBRATION OF THE AFM
One of the difficulties in the cantilever calibration procedure described in this article is that both the vertical motion of the piezoelectric tube scanner and the sensitivity of the deflection detector must be accurately calibrated. The piezo response and detector sensitivity are, in general, nonlinear and both responses are folded into the single measurement of tip deflection. The nonlinearity is small enough that both the piezo and detector responses can be considered to be linear in the region of interest, which is of the order of 100 A in extent-a small portion of the available scanning range for the piezo and deflection range for the tip. Below, we describe a procedure to calibrate both the piezo and the detector of an AFM
Piero calibration
The scanner tubes are usually calibrated by the manufacturer, but we found that calibration parameters can change over time. In order to obtain an accurate expression for the piezo response prior to cantilever calibrations, a linear variable differential transformer (LVDT) displacement transducer" was used to measure the piezo position over its full vertical range. The piezo range was approximately one pm in our case, which is a small displacement, even for relatively sensitive LVDTs. However, man adequate calibration was obtained by averaging several sets of data, each of which consisted of 4096 calibration points.32
The piezo calibration is shown in Fig. 4(a) where fifteen separate runs were averaged. The y axis of this plot was calibrated in units of angstroms using the LVDT (which was itself calibrated using a micrometer). The x axis is recorded in units corresponding to the digitized voltage output from the AFM control module to the piezo. This curve is accurately modeled as a quadratic, as the fit residuals show in Fig. 4(b) . The resulting expression for the piezo displacement as a function of binary voltage channel was then used to calibrate the displacement scale in measured force spectra.
Detector calibration
Several methods of detecting cantilever deflection are in use. In our case, cantilever deflection is measured using the optical-lever technique.33 In this detection system, a laser beam is reflected from the back of the cantilever onto a position-sensitive photodetector (PSPD). The cantilever deflection is then measured as a difference signal between the two halves of the PSPD. This signal is not likely to be linear with the deflection; rather, it depends on the crosssectional intensity distribution of the reflected laser beam, which will be different each time the laser is adjusted for a new microlever.
Once the vertical response of the piezo scanner has been calibrated, we can calibrate the detector using part of the force-spectrum curve. This method is applicable to any detector system and can be done at the same time as the measurements for the snapping-distance calibration. If we assume that the compliance of the weak cantilever is smaller than that of either the tip or the sample,34 then the deflection of the tip and the displacement of the sample must be equal once the two are in contact. This allows us to use the regions of force spectra where the tip and sample 'are in contact as calibration curves for the detector. As we only need to calibrate the detector for deflections smaller than a few nanometers, we can use a linear fit to a small portion of the force spectrum.
